Abstract Measured responses of two aluminum alloys over a wide range of strain-rates (10 -5 to 10 3 s -1 ) and temperatures are presented. The aluminum alloys include AA5182-O and AL6111-T4. A tensile spilt Hopkinson pressure bar was used for the dynamic experiments. The aluminum AA5182-O alloy (manufactured using continuous casting and direct chilling processes) including its first and second generation gas tungsten arc welded and friction stir welded TWB's exhibited negative strain-rate sensitivity. AL6111-T4 is found to have positive strain-rate sensitivity. The Khan-Huang-Liang constitutive model is shown to correlate and predict the observed responses reasonably well. The texture evolution of the AA5182-O and AL6111-T4 sheets during uniaxial tension is investigated using the EBSD technique and full-constraint polycrystal model. It is observed through the EBSD analysis that, the stable orientation is strongly dependent on the initial texture components.
Introduction
Increasing the fuel efficiency while maintaining the safety of the occupants has been an area of interest for the automotive industry. To incorporate this desirable feature, various alternatives have been explored (e.g. hybrid cars, aerodynamic design etc.). One way to improve the fuel efficiency is to reduce the weight of the automobile. Consequently, aluminum alloys are gaining attention due to their high strength to weight ratio [1] . One of the major development in the automotive industry is the introduction of Ford F-150 all aluminum truck. It is worthwhile to note here that the overall reduction in weight of the F-150 truck is around 317 kg (700 pounds). This reduction in weight implies an increase in the fuel economy of the automotive. Currently, aluminum alloys are being used for non-structural components such as deck lids and hoods with a possibility of more and more use in future [2] . Also, the weight of the automobile can be successfully reduced through the use of tailor welded blanks (TWB) technique, which results in less number of parts, fewer spot welds and improved structural integrity. TWB technique consists of joining two or more materials of different thicknesses to produce one sheet of variable thickness. Although this technique results in effective use of material, it suffers from major drawback because of the presence of a weld.
In general, aluminum alloys exhibit good strength and stiffness but has comparatively poor formability at room temperature than typical steel [3] . Hence, enhancing the formability of aluminum alloys is currently an area of considerable interest in the automotive industry and the research community. It was reported in the literature that the formability of aluminum alloys can be increased by warm forming methods [4] [5] [6] [7] [8] . Also, Warm forming above a critical temperature may negate the serrated flow behavior [dynamic strain aging/Portevin-LeChatelier (PLC) effect] observed on certain Al-Mg alloy [6] .
Hughes et al. [9] , in their efforts to understand the material behavior of AA 5182-O as a function of strain rate and temperature, performed a series compression experiments in the strain rate and temperature regimes of 10 -3 to 10 0 s -1 and 22-550°C, respectively. Based on these results they concluded that the deformation mechanism is governed by dynamic strain aging at room temperature. Further, negative strain rate sensitivity was observed at all strain rates. Davies et al. [10] reported their work in developing theoretical forming limit diagrams (FLDs) for weld materials. They used power law along with the Hosford yield criteria to obtain right-hand-side of FLD. The authors concluded that AA5182-O exhibit near zero strain rate sensitivity and consequently used a strain rate insensitive constitutive model in their calculation of theoretical FLD. Picu et al. [1] , investigated the effect of dynamic strain aging on ductility of the aluminum alloy AA5182-O. Experimental results at temperatures ranging from -120 to 150°C, and strain-rates from 10 -6 to 10 -1 s -1 , were reported. They observed that AA5182-O exhibit negative strain rate sensitivity in the temperature regime of -80 to 110°C.
The structural components of automobiles are subjected to quasi-static and dynamic loading rates during their manufacturing processes, as well as in an accident. As such, it is imperative to understand the material behavior under these loading rates. With much of the progress done in determination of the material behavior under quasi-static loading rates, it was deemed important to determine material response under high rates of loading. Since these materials are in the form of thin sheets, Kolsky [11] compression split Hopkinson bar (SHPB) was modified by many researches to perform dynamic high strain-rate tensile experiments. While the compression configuration does not need any mechanism to grip the specimen, the tensile configuration needs a grip to hold the specimen and transmit the tensile pulse from incident to transmitted bar. The major problem in designing a high strain-rate tensile apparatus is the design of the griping mechanism. It was mentioned by Kang et al. [12] that grips should be able to clamp the specimen without sliding and reduce the mechanical impedance so that the wave propagation is not dissipative. Harding et al. [13] used a tension Hopkinson bar in which the compressive pulse was sent in a tube surrounding a solid inner rod. Although, this technique was simple to use it had a major drawback of wave dispersion at the mechanical joint. Similar setup was later used by Hauser et al. [14] . Later, Lindholm and Yeakly [15] and Lindholm [16] developed a technique where they used two Hopkinson bars; one being solid and the other being hollow. They performed high strain-rate tensile experiments on a hat shaped specimen. The technique was simple to use but it was reported that, making a hat type specimen was a complicated process. Nicholas [17, 18] modified the split Hopkinson configuration by using a split-shoulder (collar) arrangement surrounding a specimen threaded to the two bars. The compressive pulse was generated on the incident bar which traveled through the split shoulder (collar) to the transmitted bar, without going through the specimen. During passage of reflected tensile wave generated a tension in the specimen; the collar was inactive this time. In this case, wave distortion occurred due to the clearance of the threaded region [19] . Huh et al. [19] developed a tensile split Hopkinson pressure bar (SHPB) in which a hollow striker tube is fired from gas gun and impacts an anvil which is a part of the incident bar. At the impact, a tensile pulse is generated in incident bar and propagates through the specimen to the transmitted bar. Staab and Gilat [20] proposed a new method in which the portion on the incident bar was clamped using a clamping mechanism. The clamped portion was then pre-tensioned. The clamp was suddenly released to generate a tensile pulse in the incident bar, which was transmitted to the other bar through the specimen. They named this method as ''direct tension''.
The strain rate sensitivity of AA5182-O and on different types of welds in TWBs, in the dynamic regime was not fully explored. The present investigation was made to address this void. The dynamic experiments were performed by using modified tensile split Hopkinson pressure bar, using a combination of Nicholas [17, 18] and Huh et al. [19] techniques, to investigate the strain-rate sensitivity of AA5182 and AL6111-T4, during tensile loading, including welded alloy as well. The KHL constitutive model was used to correlate and predict the experimental response. Also, the texture evolution of AA5182-O and AL6111-T4 sheets is investigated using electron backscattered diffraction (EBSD) technique. The ODF analysis was performed with respect to the sample symmetry defined by rolling direction (RD), transverse direction (TD), and normal direction (ND). To understand the stable orientation developed in the quasi-static and dynamic specimens, the rotation rate map and orientation stability of typical texture components were theoretically evaluated using a full-constraints polycrystal model [21, 22] .
Experimental Procedures Material
All the specimens used in this study were made from sheet and were supplied by Pacific Northwest National Laboratories. The initial chemical composition of the base materials used in the current investigation is shown in Table 1 (AA 5182-O) and Table 2 (Al6111-T4). The two materials investigated are of significant interest to the automotive industry which is inclined to reduce the weight of automobiles and increase its fuel economy. The specimens were machined using wire EDM. The typical sample geometry used in this study is shown in Fig. 1 . The samples were obtained from different co-ordinates (locations) of the same sheet. The gage section of the welded samples consists of nearly 100 % of the weld. All the quasi-static experiments (10 -5 to 10 0 s -1 ) were performed using MTS servo hydraulic axial-torsional material testing machine and all the dynamic experiments (10 2 to 10 3 s -1 ) were performed on a tensile SHPB apparatus. The EBSD specimens were prepared using colloidal silica as the polishing medium for the intermediate stage. The final specimens were prepared by electro-polishing in A2 electrolyte for the final stage. The EBSD data were analyzed using TSL software to evaluate 3-D ODF. For the undeformed and deformed specimens, the measurement step size and the scanned area were 1 lm and 600 lm (RD) 9 300 lm (ND), respectively.
Quasi-static Monotonic and Strain-Rate Jump Experiments
Quasi-static monotonic tensile experiments were performed at the strain-rate of 10 -4 s -1 . A high elongation uniaxial strain gage, bonded on the gage section of the specimen, was used to measure strain. The load obtained from the MTS load transducer was used to calculate the stress. Specimen taken from different locations in the sheet may have slight variations; the observed responses due to these variations may compete or mask the observed strain rate sensitivity. Thus, to eliminate the effects due to variations in specimens, strain-rate jump experiments were preformed in each sample where strain rate was changed during the experiment. The strain-rate jump experiments were started initially at the strain-rate of 10 -5 s -1 and after 3-4 % true strain, the strain-rate was changed to 10 -1 s -1
and loading was continued for another 4-5 % true strain. Finally, the strain rate was changed back to 10 -5 s -1 and the loading was continued until failure. In some experiments, the sequence was reversed to observe consistent strain-rate sensitivity. Also, in some cases, the specimen was unloaded after 2-3 % of deformation at a strain-rate of 10 -5 s -1 . It was loaded in a tensile SHB to a several fold higher strain rate ([10 2 s -1 ) to failure.
Dynamic (High Loading Rate) Tensile Experiments
Dynamic tensile experiments were performed on AA5182-O and AL6111-T4 using modified version of Nicholas [17, 18] split Hopkinson pressure bar (SHPB). The Nicholas [17, 18] version was similar to regular compression SHPB, the difference being an additional split collar mechanism. The split collar consisted of a two semi-circular half portions (when joined together form a circular rod with diameter equal to the incident or transmitted bars and the length equal to the gage section of the sample) made from the same material as the incident bar. The assembly consisted of a slot (with the thickness and width equal to the dimensions of the gage section of the specimen) machined on the two inner surfaces. The specimens experimented were solid tensile samples with threaded ends. The gage section of the samples was confined within the split collar. The experimental setup was used to perform dynamic experiments by generating compressive waves in the incident bar which travel through the split collar to the transmitted bar. The compressive wave upon reaching the free end of the transmitted bar switches to tensile wave which travels through the transmitted bar to load the specimen in tension. Since the tensile loading is from the free end of the transmitted bar, it can be considered as indirect tension. Later, Huh et al. [19] studied dynamic tensile behavior of various steel samples. They designed an experimental setup to perform direct dynamic tensile experiments on sheet samples. The sample gripping end of the incident and transmitted bar each consisted of a slot (equal to thickness of specimen) and a hole. A matching hole was machined on the gripping portion of the tensile sheet sample. The sample was gripped between the incident and the transmitted bar using a bolt an nut assembly that passed through the specimen hole. The experimental setup used in the current investigation is shown in Fig. 2 . It is a combination of both the experimental setup wherein; the loading mechanism is similar to the setup used by Nicholas (indirect tensile) with split collar and the gripping of the sheet sample was based nut and bolt assembly used by Huh et al. [19] . The typical strain rates that can be achieved using this technique ranged from 500-10 3 s -1 . The incident and transmitted bars (made from Al 2024-T4) were 12.7 mm in diameter and were 1.8 m and 1.3 m long, respectively. The diameter of the projectile was same as that of incident or transmitted bar and the length was 0.61 m. The nut and bolt assembly were made of the same material (Al 2024-T4) as that of the bars. Slots of almost the same thickness as of the specimen being tested were machined on the bar to hold the specimen. After inserting the specimen in the slot, additional force was applied while tightening the bolts resulting in closing the slot so that any air gap through the cross-section was minimized. A split collar was used around the specimen, and designed in such a way that there was almost no gap left between the bar ends and the collar, once the specimen was in place. The length of the split collar was varied, to accommodate specimens with different gage lengths.
Constitutive Model and Theoretical Analysis
KHL model (Khan and Liang [23] ; Khan et al. [24] ; Khan et al. [25] ) was used to model the experimental response of these materials. The KHL model is as follows:
where r is the stress and e p is the plastic strain. A, B, n 1 , n 0 , C, m are material constants. A is the yield stress of the material at the strain-rate of 10 0 s -1 . B and n 1 represent the work hardening coefficient and strain-rate sensitivity of the work hardening, respectively. n 0 is the work hardening exponent, C is the strain-rate sensitivity exponent and m represents the temperature sensitivity parameter. T m , T r , T are the melting (873 K), reference (room temperature) and current (experiment) temperatures, respectively. D p 0 is arbitrarily chosen upper bound strain-rate, taken to be 10 6 s -1 . _ e represents the experimental strain-rate and _ e Ã is the normalizing strain-rate parameter, usually taken as 1/s. The step by step procedure to obtain the material constants for the KHL model can be found in Khan and Liang [23] .
A full-constraints polycrystal model [21, 22] was used to predict the rotation rate map and orientation stability during uniaxial tension. The loading direction of AA5182-O and AL6111-T4 sheets was parallel to the TD. Deformation rate tensor, D along the TD can be described with respect to the sample coordinate system as a function of plastic strain ratio.
In the present study, the plastic strain ratio was determined theoretically using a visco-plastic self-consistent (VPSC) polycrystal model under a stress boundary condition [26] . The estimated R-values of the IF-HSS sheet were 0.61 and 0.83, respectively. The deformation of rate sensitive polycrystal is usually modeled by a power law relationship between the shear rate _ c s and the resolved shear stress s s on a slip system s.
where m is the rate sensitivity parameter, s o is a reference shear stress and _ c o is a reference shear rate. The sign term in Eq. (3) means that the shear rate has the same sign with the resolved shear stress. The resolved shear stress is related to the Cauchy stress tensor r ij of the crystal through the following relation. 
It should be noted that the strain rate is deduced from the following stress potential (Toth et al. [21] ; Choi et al. [22] )
where _ Wðr ij Þ is the rate of plastic work according to the prescribed strain rate D ij . The stress state which satisfies the above equation for a given strain rate can be numerically obtained by the Newton-Raphson method. The lattice rotation rate _ X ij with respect to the laboratory is given as follows.
The lattice rotation rate can be obtained from the prescribed strain rate tensor D ij and the calculated shear rate _ c s . The Euler angles (/ 1 ; U; / 2 ) of the individual orientations should be updated according to the lattice rotation rate
The kinematic stability of an orientation can be estimated using two parameters. The first parameter is the condition for either convergence or divergence of an orientation in 3-D Euler space. The condition can be expressed by divergence of the rotation field,
The conditions for convergence and divergence are div _ g\0 and div _ g [ 0 , respectively. div _ g\0 indicates that more orientations around g rotate toward g. The second parameter is the relative magnitude of the lattice rotation rate of the orientation in 3-D Euler space. The stability parameter can be expressed in terms of the lattice rotation rate (Choi et al. [27] )
where _ e eq is the von Mises equivalent strain rate for the deformation mode of interest. Kinematically stable orientations have high values of S compared with the unstable orientation. Fig. 3 , show the responses of base sheet (AA5182-O), first and second generation gas tungsten arc weld (GTAW), and friction stir weld (FSW) samples at a dynamic strain-rate of approximately 1000 s -1 . It is observed that the Friction Stir Weld samples (FSW) has higher strength in comparison with material obtained in other welds. The base sheet materials obtained in rolling direction, irrespective of manufacturing processes, exhibit more ductility than welded materials. Also, the first generation GTAW samples exhibit higher strength but lower ductility in comparison with second generation GTAW samples. Symbols in Fig. 4 , show the responses of base sheet [manufactured through continuous casting (CC) process] during a strain-rate jump experiments at room temperature at three different strain-rates. The axis of samples (and the loading direction) was aligned with the rolling direction of the base sheet. As seen in Fig. 4 , the base material (AA5182-O) exhibit negative strain-rate sensitivity. Picu et al. [1] also observed similar behavior (but at low strain rates) and concluded that the negative sensitivity of AA5182 was due to the interaction of solute atoms with dislocations. These interactions are associated to dynamic strain ageing (DSA). The DSA mechanism may lead to clustering of solute atoms which provides resistance to dislocation motion. The average size of clusters is dependent on strain-rate. At high strain-rates, the clusters are smaller in size and do not offer significant resistance to the dislocation motion. On the other hand, at a lower strain-rate there is enough time to form large clusters which provide resistance to dislocation motion. Hence, negative strainrate sensitivity is observed in this alloy (Picu et al. [1] ). Further, in this Fig. 4 it is observed that the ductility of the base sheet material increases with strain-rate. The experimental results from Fig. 4 are used to obtain the material constants for the KHL constitutive model and the corresponding correlations (lines) are also shown in the same figure along with the experimental results (symbols). These material parameters obtained for the base sheet material (manufactured by using CC technique) are shown in the insert of the Fig. 4 . The experimental data at a strain rate of 630 s -1 was not used to determine the material constants. Without changing these constants, the experimental result at the strain-rate of 630 s -1 is predicted. The prediction is observed to be very close to the experimental values. Figure 5 shows the similar results for the base sheet AA5182-O, manufactured through direct chilling (DC) process. The loading axis of these samples was along the rolling direction of the sheet. The material again exhibits negative strain-rate sensitivity. The KHL model is shown to correlate and predict the observed responses well. Figure 6a , b shows the measured responses at room temperature (for different strain-rates), and at different temperatures (at a constant strain-rate of 10 -3 s -1 ), along with correlations and prediction of base sheet (also manufactured through DC process). The loading axis of samples was along the transverse to rolling direction of the sheet. An increase in ductility from *18 % strain at room temperature to *30 % strain at high temperature can be observed. The responses are close to model prediction. From Figs. 4, 5 and 6 it appears that the base sheet aluminum alloy AA5182-O, irrespective of manufacturing process, has negative strain-rate sensitivity. Also the failure strain (at room temperature) does not seem to be significantly effected by the manufacturing process. On comparing Figs. 4 and 5 it is observed that the material obtained through DC process has higher strength than the one obtained using the CC process. On the other hand, a comparison of Figs. 5 and 6a, the strength in rolling direction is higher than the transverse direction. generation (with optimized welding parameters) of gas tungsten arc welds (GTAW). These samples exhibit negative strain-rate sensitivity. On comparing Fig. 7 with Fig. 8 for DC processed material, the yield stresses of first generation GTAW specimen the welded samples are higher. Figure 10a shows the experimental results along with correlations and prediction. These samples were made from FSW tailor welded blank consisting of 2 mm thick AA5182-O sheet welded to a 1 mm thick base sheet (AA5182-O). The samples were made such that the loading direction is along the weld and almost 100 % of the gage width represents the friction weld zone. It is observed that at room temperature, FSW-5182-O exhibit negative strainrate sensitivity as the base sheet material. However, the response (at room temperature) at different strain-rates suggests that the failure strain (*12 %) is independent of strain-rate, which is different from the base sheet material ), of base sheet (AA5182-O) manufactured by DC process, with loading axis along the rolling direction wherein the failure strain increases with strain-rate. Also, from the Fig. 10b the response of FSW-5182-O at different temperatures (at a constant strain rate of 10 -3 s -1 ) shows the enhanced ductility from 12 % at room temperature to about 23 % at high temperature. Figure 11 illustrates the experimental response of Al 6111-T4 at different strain-rates along with the correlations and prediction from the constitutive model. AL 6111-T4 showed positive strain-rate sensitivity. It was observed that the failure strain of AL 6111-T4 was higher than AA5182-O. Also, the yield stress of AL 6111-T4 was observed to be higher than that of AA5182-O. Since the material exhibit positive strain-rate sensitivity, the material parameter c in the constitutive model is positive. Figure 12 shows the inverse pole figure maps of AA5182-O sheets deformed at different strain rates. The micro-texture analysis was conducted at the cross sections (RD-ND) normal to the loading direction on the corresponding fractured samples. The color represents the crystallographic orientation parallel to the ND. It is observed that the initial grains are divided into smaller grains sections by uniaxial tension wherein; the grains are elongated in the loading direction which consequently results in reduction in the grain sections along normal directions. EBSD analysis indicates that the average grain size slightly reduced as the strain rate increases. It was shown that ND//h110i texture components were enhanced by uniaxial tension. Figure 13 represents u 2 = 45°, 65°and 90°sections of orientation distribution functions (ODF) of AA5182-O sheet. Positions in Euler space of texture components typical in aluminum alloy sheets can be found in each section. Initial texture of the AA-5182-O sheet was identified as a mixture of rolling texture, i.e. the a-fiber (from Goss {011}h100i to Brass {011}h211i) and the b-fiber (from Brass {011}h211i, S {123}h634i to Copper {112}h111i) and Cube {001}h100i, texture components. It was observed that Brass and Cube texture components are more stabilized in the deformed samples compared to other texture components. It should be noted that Copper texture component drastically decreased after uniaxial tension. The result indicates that Copper texture component kinematically unstable during uniaxial tension. Figure 14 shows the inverse pole figure maps of AL6111-T4 sheets deformed at different strain rates. The micro-texture analysis was conducted at the cross sections (RD-ND) normal to the loading direction on the corresponding fractured samples. It was observed that the average grain size slightly reduced as the strain rate increases. This observation could be explained on the basis of the extent of deformation caused by increasing the strain-rate wherein; grain sections are elongated in the loading direction and consequently result in reduction in the grain section along the normal directions. The inverse pole figure map illustrates that micro-texture does not change significantly by uniaxial tension. Figure 15 represents u 2 = 45°, 65°and 90°sections of orientation distribution functions (ODF) of AA6111-T4 sheet. The symbols show the different texture components. The darker region corresponds to the most significant texture component present. The initial texture of the AL6111-T4 sheet was identified as a strong Cube texture component. It was observed that initial texture does not change significantly during uniaxial tension. The result indicates that Cube texture component relatively stable during uniaxial tension.
Results and Discussion

Symbol in
In the present study, rotation rate maps for the uniaxial tension deformation were calculated using the full-constraints polycrystal model (as mentioned in Constitutive Model and Theoretical Analysis section). Figure 16 shows the u 2 = 45°, 65°and 90°sections of ODF that represent the rotation field maps for the AA5182-O sheet during uniaxial tension. The direction of the arrows represents the change in crystallographic orientation and the arrow length represents the total rotation rate. The stable orientation is that for which all direction of the arrows converge. It seems Fig. 9 True stress-plastic strain responses 2nd generation GTAW specimen manufactured by CC process, with loading axis along the rolling direction that Brass texture component is relatively stable during the uniaxial tension, compared to the other texture components. Figure 17 shows the u 2 = 45°, 65°and 90°sections of ODF that represents the rotation field map for the AL6111-T4 sheet during uniaxial tension. It seems that the different R-value in Eq. (2) does not affect the stable orientation during uniaxial tension significantly. To evaluate the kinematic stability of crystallographic orientation, the convergence and stability parameters were calculated using the full-constraints polycrystal model. In the present study, five texture components were selected to compare the kinematic stability of AA5182-O and AL6111-T4 sheets during uniaxial tension. Table 3 sheet. Based on div _ g and S, Copper texture components were analyzed to be kinematically unstable under the uniaxial tension. Brass and Cube texture components were analyzed to be kinematically stable under the uniaxial tension. These two parameters explain why the Copper texture component drastically decreased at the AA5182-O sheet during uniaxial tension, as shown in Fig. 13 . It seems that the low stability parameter contributed to the low intensity of the S texture component. Table 4 shows the rotation rate, gradient, divergence and relative stability of the orientations under uniaxial tension deformation of the AL6111-T4 sheet. It should be noted that the different R-value contributed to a slight change of the convergence and stability parameters. The kinematically unstable and stable orientations were almost same with that of the AA5182-O sheet. Brass and Cube texture components were analyzed to be kinematically stable under the uniaxial tension. Copper and S texture components were analyzed as kinematically unstable orientations under the uniaxial tension. Since the initial Cube texture component is kinematically stable, it seems that the Brass texture components did not exhibit a significant texture change during uniaxial tension.
Conclusions
In the present study, a series of quasi-static and dynamic experiments on AA5182-O and AL6111-T4 at different strain-rates were presented. The materials investigated include the first and second generations of GTAW, as well as friction welds. These experiments were performed over wide range of strain rates from 10 -5 to 10 3 s -1 at room temperature. In this investigation, the tensile split Hopkinson pressure bar was modified to secure the thin sheet dog-bone specimens to the incident and transmitted bars. This was done to reduce the wave distortion during the experiment. AA5182-O, and first and second generation of GTAW showed negative strain rate sensitivity; the FSW samples did not show any significant sensitivity to strain-rate. AL6111-T4 showed positive strain rate sensitivity. Correlations and predictions from the KHL constitutive model were in good agreement with the experimental results. The texture evolution of the AA5182-O and AL6111-T4 sheets during uniaxial tension was investigated using EBSD technique and full-constraints polycrystal model. EBSD analysis reveals that stable orientation is strongly dependent on the initial texture components. It was found that Brass texture component is stable and Copper texture component is unstable in the AA5182-O sheet during uniaxial tension along the TD. The convergence 
